where M238 and M235 are the molecular weights of 238UF6 and 235UF6, respectively, O is the angular speed of the centrifuge, R the universal gas constant, and T, the mean temperature of the working gas in the centrifuge. The fraction of 235UF6 is given by x= r235/r,
where r235 is the partial density of 235UF6. where e=z/Z, eF=zF/ Z.
Here and henceforth, x is written simply x, the suffixes e and s indicate the enriching section (ef<=e<=1) and the stripping section (0<=e<=eF), P and W are the amounts of product and waste, xp and xw the composition of product and waste, respectively.
The coefficients g and g in the stripping section should differ from those in the enriching section because of the difference in the axial velocity w. However, in so far as the feed rate L is small, we can neglect the perturbation of the axial velocity profile set up by the natural convection due to the introduction of feed and the withdrawal of product and waste.
A source-sink flow of this kind has been discussed by Nakayama & Usui"" and Matsuda et al. (18) For the sake of simplicity we shall consider the coefficients g and I in the enriching section to be the same as those in the stripping section.
Equations ( 9 ) and (10) are easily solved to give (13) If x does not jump at 1)F and equals xF, xe(eF+0)=xs(eF-0)=xF, and then xp/xw, is obtained by the solutions (12) and (13) . The above condition for matching is satisfied only if eF=t, where t (=P/L) is the cut. Note that this condition is derived under the assumption of large gL (7) .
The separative power of the centrifuge is defined by
where a= xp(1-xw)/xw( 
III. SAKURAI & MATSUDA'S FLOW PATTERN
The flow fields in the centrifuge can be divided into three regions-an inviscid core, an Ekman layer along the top and bottom end plates, and Stewartson layers along the side wall (19) . The thickness of the Ekman layer is about e1/2r2, where e=m/rOr22 is the local Ekman number, m the viscosity and p the local density of the gas(16) (17) . Note that the notations used in this paper differ slightly from those in Ref. (16) . The layer thickness is about 10-3r2 at the periphery and about 10-1r2 at the center of the centrifuge under typical working conditions. Along the side wall there are two kinds of Stewartson layer depending on the temperature distribution. A 1/3 layer with a thickness of (eZ/r2)1/3r2 appears when the temperature distribution is anti-symmetric abort z=Z/2, and under other conditions the power of the thickness function is 1/4. In the 1/3 layer, there exist a strong closed circulation and a weak rechanneling flow from the bottom Ekman layer toward the upper. These flows are shown schematically in Fig. 2 .
is raised to a higher value. This will be discussed in the last chapter,
In the inviscid core, the axial flow speed is given by (17) (17) into Eqs. ( 1 ) and ( 3 ). Figure 3 shows the dependence of E on G0. The central feed tube is neglected for simplicity. The efficiencies based on other solutions are also shown. The solid line reproducing the present result has no maximum point and differs appreciably from those of other solutions. On the other hand, the present result agrees very well with that computed from Soubbaramayer's short-bowl solution, which is not shown in the figure. (See Olander's Fig. 15(7) .) All efficiencies converge towards the same curve with increasing G0, This can be understood by examining Eqs. ( 1 ) and ( 3 ) . In the computation of E, it is the mass flux pw that decisively affects the result rather than w itself.
When G0 is raised, the mass flux in the peripheral zone becomes increasingly predominant, and differences in w occurring in the central region have diminishing effect on E. This, however, does not immediately validate long-bowl solutions for high peripheral speeds, since they still lack the essential property of being able to yield the absolute magnitude of the flow.
The reduced internal flow parameter in is given by where (19) (20) and where, further, ,m/rD is the Schmidt number-which is about 0.75 for UF6, and P2 is the pressure at the periphery.
A relation such as Eq. (19) between m and DT/T0 cannot be derived from long-bowl solutions, since they do not take into account the end plates.
Soubbaramayer's short-bowl solution gives (10) (21)
The temperature difference corresponding to m=-1 for the above two formulas is shown in Fig. 4 as function of Go. Soubbaramayer's D T diverges when G0 tends to 2, which, obviously, is physically inadmissible.
IV. NUMERICAL RESULTS
Combining the separation theory with hydrodynamics, we can now compute the isotope separation of UF6 in a real centrifuge.
As an example, we adopt Groth's device UZIIIB ; the radius r2 is set to 6.7 cm, the height Z 63.5 cm and the peripheral speed r2O 252 m/sec.
In Fig. 5 , the effect of internal circulation on the separation factor for different feed flow rates is shown, for a cut 0 of 0.5. The feed position eF is assumed to be 0.5, otherwise Olander's theory does not hold. A point of maximum separation exists for each feed rate. The internal flow rate m0 at which xp/xu, is maximized is plotted in Fig. 6 against feed rate. Figure 7 presents the theoretical optimum enrichments and the data measured by Groth. The dotted line is a theoretical result based on Cohen's separation theory, in which eF=0. The enrichments at total reflux, i.e. L=0, is shown in Fig. 8 The separative power dU computed from Eq. (14) is shown in Fig. 9 . It asymptotically approaches dUopt,oo, (-0.81EdU.=0.69dUmax.). The agreement with experiment shown by the line computed from Olander's theory is satisfactory over most of the range. At very small feed rates, the theoretical value becomes noticeably higher than the experimental data. This may partly be due to mismatching, which cannot be avoided at low values of L if we assume eF=t (note that this assumption postulates large gL).
In the intermediate region of feed rates-0.3 to 0.6 gUF6/min, the experimental results are significantly higher than predicted.
This cannot be explained within the realm of the present theory.
The maximum separative power dUmax by Cohen and the optimum separative power d Uopt.oc (=0.8lEdUmax) are also shown. 
V. DISCUSSION
In the present work, we have analyzed the separation of uranium isotopes in a thermally driven countercurrent gas centrifuge based on Sakurai is sufficiently small to permit nonlinearity to be ignored. This condition may not hold, however, in an actual centrifuge.
If this is the case, we must take account of complicated nonlinear effects. The effect (b) will be important for determining the flow pattern in the central region of the core at high peripheral speeds. It has been noted in this connection, however, that the central region does not play an important role in the separation process, so that the effect (b) should not vitally affect computations on separation.
On the other hand, the side wall of a modern centrifuge is so thin that it may be appropriate to replace the assumption (d) by that of an insulated side wall.
The last-mentioned case was examined by the present author (20) . The temperature field in the inner zone was found to undergo a radical change, and the closed circulation within the Stewartson 1/3 layer was seen to be appreciably inhibited, but all without significantly affecting the inner axial flow pattern represented by w. Since the axial velocity w alone decisely affects separation calculations, the thermal condition of the side wall is thus found to be unimportant.
If a thermally insulated side wall is assumed, this validated the assumption (c). In the case where the horizontal end plates are thermally insulated, the axial flow pattern is radically affected. This case also will be treated elsewhere.
ACKNOWLEDGMENT
The author wishes to thank Prof. T. Sakurai for his critical comments, and Profs. J. Oishi and H. Mikami for providing valuable references.
Grateful acknowledgment is also due to Dr. H. Takeda and Mr. K. Hashimoto for their valuable discussions.
The critical reading of this manuscript kindly given by Mr. S.-A. Sorensen is deeply appreciated.
-REFERENCES-
